Three potential routes to generation of reactive oxygen species from α-tocopherolquinone have been identified. The quinone of the water-soluble vitamin E analogue Trolox C (Trol-Q) is reduced by hydrated electron and isopropanol α-hydroxyalkyl radical, and the resulting semiquinone reacts with molecular oxygen to form superoxide with a second order rate constant of 1.3 x 10 8 dm 3 mol -1 s -1 , illustrating the potential for redox cycling. Illumination (UV-A, 355 nm) of the quinone of 2,2,5,7,8-pentamethyl-6-hydroxychromanol (PMHC-Q) leads to a reactive short-lived (ca 10 -6 s) triplet state, able to oxidise tryptophan with a second order rate constant greater than 10 9 dm 3 mol -1 s -1 . The triplet states of these quinones sensitize singlet oxygen formation with quantum yields of about 0.8. Such potentially damaging reactions of α-tocopherolquinone may in part account for the recent findings that high levels of dietary vitamin E supplementation lack any beneficial effect and may lead to slightly enhanced levels of overall mortality.
INTRODUCTION
Recent meta-analysis of data from trials of high levels of dietary supplementation with vitamins, including vitamin E, surprisingly suggests an associated increased risk of cancer and overall morbidity [1] [2] [3] . Previously, little risk was attached to vitamin E supplementation and there are indications that it is beneficial in preventing some major diseases such as atherosclerosis and cancer [4] [5] [6] [7] . Vitamin E exists in several forms of which α-tocopherol is the best antioxidant, although a specific role for γ-tocopherol has also been claimed [8, 9] . It is now appreciated that in addition to their widely acknowledged antioxidant activities as chain-breaking inhibitors of lipid peroxidation [10, 11] , tocopherols also have some important non-antioxidant activities in vivo [12, 13] . There are therefore many aspects of the biochemistry of vitamin E which might be explored in relation to its potentially harmful effects.
Oxidation of α-tocopherol (α-TOH) is known to give a range of products. In vitro, exposure to peroxyl radicals generated from the azoinitiator 2,2'-azobis(2,4-dimethylvaleronitrile) gave mainly the peroxyl adduct and a spirodimer with a smaller yield of α-tocopherolquinone (α-TQ) [14] . In microsomes the same radical source also generated α -TQ which to a variable extent was found to be converted back to the α -tocopherolhydroquinone (α-TQH 2 ) [15] . Moore and Ingold have reported on conversion of α-TQ back to α-TOH in man and reviewed some of the earlier findings related to formation and metabolism of α-TQ in animal models [16] . More recently Yamauchi [17] has reviewed the formation of tocopherolquinones during lipid peroxidation in a range of systems. Unlike the non-arylating quinone of α-tocopherol, the arylating γ-and δ-tocopherolquinones are mutagenic [18] , cytotoxic [19] and capable of stimulating apoptosis [20] . Maroz and Brede [21] have shown that β-hydroxyalkyl radical addition only occurs with unsubstituted quinones and that duroquinone (2,3,5,6-tetramethyl-1,4-benzoquinone, DQ) is unreactive and not able to act as a radical trap. By analogy with substituted benzoquinones, radical scavenging through adduct formation might be possible in other tocopherolquinones (i.e γ-TQ and δ-TQ) but less so for the fully substituted α-TQ. α-TQH 2 is reported to be a good reductant, reacting more rapidly with peroxyl radicals than either α-TOH or reduced ubiquinone and hence is proposed to be an effective antioxidant [22] [23] [24] . The detoxification of α-TQ by DT-diaphorase (NAD(P)H: quinone oxidoreductase) therefore not only removes a reactive metabolite and prevents potential generation of reactive oxygen species (ROS) by redox cycling of the quinone, but also generates the antioxidant hydroquinone [25] . Other biochemical functions for α-TQ have also been suggested including acting as a cofactor for fatty acid dehydrogenases [26] and as an anti-clotting factor [27] .
The reducing power of α-TOH (E o '(α-TO
• , H + / α-TOH), 480 mV) endows it with antioxidant function, but similarly allows it to act as a prooxidant under particular conditions, especially in the presence of transition metal ions [28] . Such prooxidant activities might help explain the potentially harmful effects of vitamin E. We have shown that on photolysis at 308 nm α-TOH and a model compound, 2,2,5,7,8-pentamethyl-6-hydroxychroman (PMHC), generate singlet oxygen [29] , a biologically damaging ROS. However the overall quantum yield for formation of singlet oxygen was rather small (ca 10%) and requires excitation of vitamin E within its absorption band in the UVB region. We have now explored the possibility that α-TQ may be more effective than α-TOH in generating ROS.
MATERIALS AND METHODS
Pulse radiolysis experiments were carried out using the 12 MeV linear accelerator at CCLRC Daresbury Laboratory [30] . Samples were irradiated in a 2.5 cm pathlength capillary cell using doses of either ca. 3 Gy/pulse (kinetics) or ca 7 Gy/pulse (transient spectra). Spectra are shown as the product of extinction coefficient and radiation chemical yield (G-value) based on dosimetry with thiocyanate. Time-resolved singlet oxygen luminescence measurements were performed with a pulsed Nd:YAG laser (Continuum Surelight II-10, 355 nm, 5 ns pulses, ~ 1 mJ at the sample) and a fast germanium photodiode (Edinburgh Instruments El-P) with a 1275 nm interference filter (NDC Infrared Engineering, 25 nm bandpass). Laser flash photolysis used a system based on a YAG laser (355 nm, 10 ns pulses) as previously described [31] .
Data was analysed using the Origin 7.5 software package. PMHC was synthesised as described by Smith et al [32] . Conversion of the phenols to quinones was achieved by oxidation with FeCl 3 in a single step [33] , followed with purification by chromatography on a column of silica gel (Fluka, silica gel 60, 220-440 mesh). Identity and purify was established by thin layer chromatography and NMR.
Solutions were saturated with gases by bubbling. For varying the oxygen concentration, nitrogen was mixed with either oxygen or air in a twin flowmeter assembly. The solubilities of oxygen in common solvents were taken from Battino et al [34] . The oxygen concentration in oxygen-saturated water/ethanol (1:1 v/v) was calculated from the data of Cargill [35] to be 1.7 mmol dm -3 . Methods for obtaining singlet oxygen quantum yields followed those described by Nonell and Braslavsky [36] , using phenalenone (perinaphthenone) as a standard with a quantum yield of 0.95 ± 0.05 [37] .
RESULTS AND DISCUSSION

Pulse radiolysis studies of one-electron reduction of Trol-Q
Pulse radiolysis was used to study the one-electron reduction of the water-soluble vitamin E quinone analogue Trol-Q. From radiolysis [38] In addition, studies of one-electron reduction may also employ the isopropyl radical, formed with an overall yield of 0.72 μmol dm -3 Gy -1 in nitrous oxide saturated solutions (reactions (4) and (5)).
... (5) At neutral pH the second order rate constant for reaction of hydrated electrons with
Trol-Q was measured from the first order rate of decay of the absorption of e -aq at 700
nm (inset to Figure 1 ) giving a value of (2.0 ± 0.1) x 10 10 dm 3 mol -1 s -1 , at the diffusion controlled limit. Figure 1 shows the transient absorption spectra measured from reduction of Trol-Q in pulse radiolysis experiments. The spectra obtained by reduction with hydrated electrons at pH 9.2 and with propan-2-ol radicals at pH 7.3 are essentially identical with a peak at 440 nm, except for the two-fold increase in intensity of the latter due to the respective G-values of the reducing radicals as described above. The extinction coefficient at the peak absorbance (440 nm) of the spectrum at pH 9.2 is 6. reported for the durosemiquinone radical anion [39] . At pH 1.8 a different spectrum from reaction of hydrogen atoms was observed with a peak at 420 nm and a lower extinction coefficient compared with that from reduction with hydrated electrons at pH 7.4. By analogy with other semiquinone radicals [39] , it is clear that the different spectra represent the anionic (Q
•-
) and neutral (QH
•
) semiquinone radicals at pH >7 and pH 1.8 respectively. The intensity of the transient absorbance at 445 nm over a range of pH values is shown in Figure 2 and gives a pK a value for QH • of 4.9 ± 0.1.
This compares with a value of 5.0 determined previously for DQH • [39] .
The rate of reaction of Q •-with dioxygen (reaction (6)) at neutral pH was measured from the increasing first order rate constant for disappearance of the absorption at 440 nm with increasing oxygen concentration as shown by the results in the inset to Figure   2 , giving a second order rate constant of (1. [39] . Also in comparison with their results it is noticeable that using the lower concentration of quinone (2x10 -4 mol dm -3 ) the reverse reaction (6) did not measure transient spectra, their results are consistent with those found here.
In hexane solution the spectra shown in Figure 4 were obtained and indicate that only the triplet state is observed. The decay of the triplet is first order and more rapid (first order rate constant, k 1 2.4 x 10 6 s -1 (lifetime 0.41 μs)) than in methanol. Again these observations are supported by those of Kemp and Porter [43] in a hydrocarbon solvent (liquid paraffin). This contrasts with the behaviour of 3 DQ in hexane when a second order decay from triplet-triplet interactions is observed and the overall lifetime is longer than in methanol under typical conditions of the experiment [41] . This suggests that deactivation of the triplet state of PMHC-Q in hexane occurs through an intramolecularly hydrogen-bonded state involving the quinone carbonyls and the sidechain hydroxyl group, possibly through internal proton/charge transfer.
Singlet oxygen yields from photolysis of PMHC-Q
Singlet oxygen was detected by time-resolved near infrared luminescence at 1270 nm using a fast Ge photodiode detector. In oxygen-saturated solutions decays were first order and were extrapolated to back to the mid-point of the laser pulse in order to provide the relative intensity of emission [36] . At low oxygen concentrations both growth and decay of the signal was observed and was fitted using a double exponential function. Relative singlet oxygen intensities (at zero time) from photolysis of tocopherolquinones were plotted against the fraction of light absorbed
) from a series of solutions of increasing absorbance (A) up to ~ 0.3 [36] . The quantum yields of singlet oxygen formation from vitamin E quinones were determined by comparison of the slopes of such plots with that obtained with perinaphthenone, for which the quantum yield for singlet oxygen formation of 0.95 in oxygen saturated solutions is assumed for all solvents used [37] . Typical results are shown in Figure 5 .
The singlet oxygen yields determined in this way are shown in Table 1 . 
Reactivity of the triplet state of PMHC-Q
Scheerer and Grätzel [41] producing oxidative damage to biological targets such as nucleic acids, proteins and lipids [52] . We have also now shown that the triplet excited state of α-TQ has the potential to directly oxidise a biological target, in this case tryptophan. Such oneelectron oxidation of tryptophan residues in proteins is known to affect their activity and structure [53] and it is postulated that certain tryptophan-rich integral membrane proteins may offer antioxidant protection [54] .
The quantum yields for singlet oxygen formation from α-TQ are considerably higher than those recently observed from α-tocopherol (vitamin E) itself [29] . Excitation of α-tocopherol requires light of wavelengths < 310 nm in the UVB (290-320 nm) and UVC (< 290 nm) regions of the spectrum where the flux from sunlight is low. In contrast α-TQ has a broad absorption in the region of 320-380 nm within the UVA spectral region where the amount of energy within the solar spectrum is higher. α-TQ is therefore more likely to be important as as potential sensitizer of singlet oxygen than α-tocopherol. α-TQ has been found as a photoproduct of vitamin E applied topically to mouse skin [55] . Excited states of carbonyls and quinones can be formed by chemoexcitation in dark reactions, some of them involving enzyme catalysis, associated with electron or oxygen transfer [56, 57] . The mechanisms described here for oxidative damage arising from formation of triplet α-TQ are therefore potentially more broadly significant than simply in terms of phototoxicity. 
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